For over forty years pteridinologists have studied the Ormediated autoxidation of reduced folate derivatives. This effort has resulted in the identification of several transient intermediates and many products. U ntil now. however, no clear explanation has emerged of why certain reduced folate derivatives arc less susceptible to autoxidation than others. Presented below is a detailed theoretical model which readily explains the chemical behavior of reduced folate derivatives towards O 2 • Of note are the steric and electronic forces at work during the formation of the 4a-hydroperoxy intermediate and the stereoelectronic factors that predominate during its breakdown.
Introduction
Derived from the vitamin folic acid (1), reduced folate derivatives (4 thru Sa-g) are found widely in Nature where they act as cofactors in a variety of hiosynthetic reactions leading to the formation of DNA, RNA, and certain amino acids (I) . As shown in Scheme I , 2 thru Sa-g are formed following the polyglutamylation, reduction, and one-carbon derivatization of 1. As a class, with the exception of N ' -formyl 5,6,7,8-tetrahydrofolic acid (Sa), reduced folate derivatives sutTer from extreme sensitivity towards oxygen, i.c., they rapidly decompose in the presence of oxygen to give a variety of products (2) . This property complicates both their isolation and use.
Thc proccss of autoxidation has been studied by pteridinologists for more than four decades. From this work comes a number of important obcl\lations, including that (i) a particular derivative's susceptibility to autoxidation is closely tied to the type of substituent attached to its N ' and/or N 11I positions, and (ii) with each affected derivative, autoxidation is always initiated by the attachment of oxygen to the 4a position of its 7,8-dihydro or 5,6,7,8-tetrahyPteridines / Vol. 4 / No.4 Scheme 1. Biosynth etic pathway for the conversion of folic acid (1) to one-carbon reduced folate derivatives (Sa-t).
dropteridine ring (2) . Thc 4a-hydropcroxy intermediate that results from ii then breaks down into simpler folates. pteridines, and 4-aminobenzoyl-L-glutamic acid derivatives. However, despite the widespread agreement on i and ii, a chemical rationale which both identifies and reconciles the interaction of oxygen with reduced folate derivatives has never been articulated. In this paper, the author presents a theoretical model that charts the process of autoxidation from fOlmation of the 4a-hydroperoxy intermediate to fional product(s).
Method
The work of Deslongchamps and others have established the usefulneess of stereoelectronic effects in organic reactions involving heteroatoms (3). This method involves constructing a hypothetical threedimensional model of a molecule that takes into account the relative stereoalignment of its atoms, substituents, and non-bonded electron pairs (i.e., its conformation) prior to and during its interaction with a particular chemical entity. From this analysis, significant insight into the chemical factor(s) that underlie the molecules' reactivity may be gained. Since there is agreement in the field that the autoxidation of reduced folate derivatives is initiated through the formation of 4a-hydroperoxy folate or dihydrofolate intermediates, an investigation of this process based on stereoelectronic parameters was undertaken.
The goal of this study is to explain the differential sensitivity of reduced folate derivatives to oxygenmediated autoxidation. In considering the role that stereoelectronic effects play in this process, it is, of course, important to know the conformation of the derivatives prior to formation of the respective 4a-hydroperoxy intermediates. Accordingly, the conformations of reduced folate derivatives as deduced from their 'H NMR spectra were used as the starting point for our analyses (4) . In addition, the structure of the products of autoxidation were closely scrutinized for clues to the course of breakdown of the respective 4a-hydroperoxy intermediates (2) .
From the investigation, a pattern of sensitivity based on the relative stereorientation of the N 5 non-bonded electron pair, N 5 substituent, 4a-hydroperoxy group, and 4-aminobenzoylmono or poly-y-L-glutamic acid substituent is demonstrated. This pattern is in keeping with current dogma. As will become clear in the proceeding discussion, stereoelectronic analysis is a helpful approach to understanding the seemingly unrelated reactivity of oxygen with various reduced folate derivatives.
Results and Discussion

Folic Acid
Pteridines / Vol.4 / No. 4 Folic acid (1) is a heteroaromatic molecule and as such is extremely stable to oxygen.
7,8-Dihydrofolic Acid
The autoxodation of 7,8-dihydrofolic acid (6) is initiated through the attack of oxygen on the si and/or re face of its 4a position. The localization of this process to the 4a-position is due to the extensive resonance delocalization that is caused by the three non-bonded electron pairs on the N 2 ', N 4 , and N S atoms of this dihydropteridine ring (7-9). These atoms share their non-bonded electrons in a manner that renders the 4a position more electron dense (Scheme 2). The 4' -oxyanion on 10 destabilizes the . simultaneous generation of a 4a-anion by way of through space or field effects (5). Therefore, intermediate such as 10 do not mak~ good candidates for autoxidation.
In air, nearly all oxygen molecules exist in the triplet state. As a result, the two bonding electrons are unpaired. Hence, when oxygen encounters the electron rich 4a-site of the pteridine ring, it initially removes one electron to give a transient quinonoidfol ate-superoxide radical ion pair (11, Scheme 3). After some time, this radical ion pair (6) (28) is the major form of reduced folate in humans (7) . Like most reduced folate derivatives, 28 is susceptible to autoxidation; albeit at a much lower rate than the aformentioned derivatives. Based on IH NMR evidence, the N 5 and C 6 substituents of 5-methyl tetrahydrofolate always occur in a trans configuration with respect to one another. As a consequence, only two 4a -hydroperoxy-N 5 -methy l-dihydrofolate i ntermediates (29a and 29b) are theoretically possible. The formation of 29a is easily ruled out by the sterically hindered pathway that oxygen would need to take in forming this intermediate. Likewise, although the si face of N 5 -methyl 5,6,7,8-tetrahydrofolic acid is readily accessible to O 2 , displacement of the 4a-hydroperoxy group from 29b is unlikely given the synperiplanar orientation of the adjacent N S non-bonded electron pair. However, the close proximity of the distal hydroxyl group of the 4a-hydroperoxy substituent to the C 4 carbonyl of 29b facilitatc-s nucleophilic attack by this group and cleavage of the C 4a bond. The product that results from this reaction is 35. The mechanism by which 29b is transformed into 35 is unknown. Evidence from 1X0 1 studies indicate that a lahel ends up attached to the oxo atom of 35. In Scheme 5. a hypothetical mechanism (30-34) for this process is proposed.
~-Formyl 5.6. 7.8-Tetrahydrojolic Acid N°-formyl 5.6.7.8-tetrahydrofolic acid has the distinction of being the reduced fol ate derivative most stable to the autoxidative effccts of 0 1 . IH NMR studies indicate that it exists as two slowly interconverting conformers (36a and 36b. Scheme 6). With conformer 36a, resonance delocalization between the N' electron pair and the carbonyl means that the 4a-N ' bond has significant ylide-like character. Accordingly. if oxygen were to remove an electron from the 4a-site of 36a, an intermediate with partial positive charges on adjacent atoms would result (37). However. the profoundly unfavorable electronic nature of this intemlediate would all but preclude it from being formed. The autoxidation of 36a is therefore unlikely to occur.
With conformer 36b. attack of the si face is prevented by a very different mechanism. As the incoming oxygen molecule is transforming the 4a-site from trigonal to tetrahedral geometry. unfavorable electronic interactions build up on the re face between the C 4 carbonyl and the N ' -formyl group. Ultimately. these interactions become so severe that it i~ unlikely that the transformation (0 a stable tctra- hedral 4a-hydropcroxy intermediate (40) is ever completed. An additional factor that limits the autoxidation of 40 is the synperiplanar orientation of the N' non-bonded electron pair to the 4a-hydroperoxy group. On stereoelectronic grounds such an orientation makes the displacement of the 4a-hydroperoxy group with its resultant products an unlikely event. Consequently. on close inspection neither the 36a nor 36b conformers of N 5 -formyl 5,6,7,8-tetrahydrofolic acid arc good candidates for autoxidation. Ample experimental evidence that supports this postulate is available in (he literature (8) .
Autoxidation and pH Effects in (he Other Reduced Folate Derivatives'
The autoxidation of the other reduced folate derivatives N°. N !O -methenyl (41). N ' , NIO-hydroxymethyl (43). and N' -formimino 5.6.7 .8-tetrahydrofolic acid (44) is complicated hy the fact that these derivatives exist in a narrow pH dependent equiliblium with 36a or b, 19. and 18 (Scheme 7). As a result solutions containing these compounds typically have their pH optimized for maximal cofactor stability. However. when the pH is shifted to a range where 40-44 are converted to 18 or 19. rapid autoxidation takes place via the mechanisms described previously. 
Conclusion
Based on our study, the susceptibilty of a particular reduced folate derivative to autoxidation is determined by steric, electronic, and stereoelectronic facrors. For instance, as oxygen approaches the 4a-site. it may encounter unfavorable steric and/ or electronic interactions with the N°-substituent. Indeed. in some cases, this interaction may become so severe as to prevent oxygen from attaching to the 4a-site altogether (see N 5 -formyl 5.6,7.8-tetrahydrofolic acid). However. once a 4a-hydroperoxy intermediate is formed. stereoelectronic interactions be-tween the 4a-hydroperoxy and the NS-substituent/ nonbonded electron pair govern its breakdown. Consequently. the varying stability of various reduced folate derivatives to oxygen is theoretically explicable in terms of a simple set of chemical factors.
